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Abstract

Radial variations of the lattice parameter and peak width of two high burn-up UO,-fuels (67 and 80 GWd/tM) were
measured by a specially developed micro-X-ray diffraction technique, allowing spectra acquisition with 30 pm spatial
resolution. The results showed a significant but constant peak broadening, and a lattice parameter that increased to-
wards the pellet edge and decreased again within the rim-zone. This lattice contraction coincided with other property
changes in the rim region, i.e., porosity increase, hardness decrease and Xe depletion. In terms of local burn-ups, the
lattice contraction followed the rate of the matrix Xe depletion measured by EMPA, exceeding greatly the contraction
rate due to dissolved fission products. The observed behaviour can be equally explained by a saturation of single in-
terstitials with subsequent recombination with excess vacancies, as by the saturation and enlargement of dislocation
loops. The concentration and sizes of defects involved and their possible relation to the rim structure formation are

discussed. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The distortion of the UO, crystal lattice caused by
neutron irradiation has been characterised in detail in
the very low burn-up range between 107¢ and 1 GWd/
tM [1-3] and with some depth in the range between 6
and 100 GWd/tM [4-8]. In the very low burn-up range,
it has been shown that the neutron damage, manifested
as a lattice expansion and a Bragg-peak broadening,
reached a maximum at burn-ups around 0.01 GWd/tM
and was almost completely recovered after the irradi-
ation has reached about 1 GWd/tM [1-3]. For burn-
ups close to the end of the first cycle in LWR’s and
above (>6 GWd/tM), renewed increase of the lattice
expansion and peak-broadening had been found [4-9]
with a trend to a saturation around and above 80
GWd/tM  [4,6]. Also, X-ray diffraction studies with
moderate beam collimation (500 pm-beam aperture) [5]
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confirmed that at relatively low exposures (18 GWd/
tM) the damage increased towards r/rp = 1. Just at
these average burn-ups (=20 GWd/tM), the burn-up
increase in the outer zone of PWR-fuels starts to be-
come evident.

The accumulated lattice damage has been assigned as
the main reason for the changes appearing in the rim
zone at higher burn-ups [5-9]. TEM examinations have
shown that with increasing burn-up, the damage is
manifested primarily by an increase of the dislocation
density [6-9], steadily growing up to ~40 GWd/tM and
apparently saturating at ~80 GWd/tM [8]. Furthermore,
it has been suggested [7-10] and also incorporated to
models [11,12] that after progressive tangling of dislo-
cations, a dislocation cell-structure is formed, giving rise
to the grain subdivision typical of the rim material.
However, the lattice expansion measured [5-8] cannot be
straightforward assigned to dislocations. In principle,
such an effect can be caused only by interstitial dislo-
cation loops [13,14] which, on the other hand, have been
described as the predominant type of dislocation at low
burn-ups [20] and have been also found to exist at high
burn-ups [8,10,18].
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A possible masking effect of the lattice expansion
results in PWR-fuels [5-8] is also the a-damage that
occurs during cooling of the fuels, i.e., in the period
between the discharge and the post-irradiation examin-
ations. As determined in [19,20], this damage can be
much higher than that caused by neutrons [1-3], due to
the much lower defect recombination in the first case
[21]. Tt is to be noted that like the expected fission
damage, the a-damage would also increase towards the
pellet edge with the burn-up profile, since this is also the
trend followed by the generated a-emitting elements (Pu,
Am, Cm). However, although expected to be high, es-
pecially at high burn-ups, the contribution of the
o-damage in the measured lattice constants increase was
estimated in [6] to be at most 20%.

To clarify some of these aspects but especially to
investigate in detail possible dimensional changes during
the rim structure formation, it was considered important
to perform XRD studies of the fuels at the smallest
possible radial intervals; e.g. at 50 um steps. Previous
studies of the microstructure and mechanical properties
[22], and also Xe depletion studies of Walker [23],
hereafter compared, were done at similar small radial
intervals. For that purpose, an appropriate micro-beam
device had to be developed [24], to focus the X-ray beam
in regions not wider than 30 um along the radius of a
fuel pellet, allowing the acquisition of non-overlapping
diffraction spectra at the intervals mentioned. Results of
its application in two high-burn-up fuels are presented
and discussed in this paper.

2. Experimental
2.1. Fuel samples

Two standard PWR fuel samples with 67 and 80
GWd/tM average burn-ups were analysed. Irradiation
data and microstructure characterisation of the sample
with 67 GWd/tM can be found in [22], as well as in [23] for
the matrix Xe-profile determination. A similar set of data
for the sample with 80 GWd/tM can be found in [25].

2.2. Micro XRD system, sample preparation and measur-
ing procedure

Samples were examined in a shielded (6-60) X-ray
diffractometer (Seifert X-3000) with a Bragg—Brentano
configuration, equipped with a standard Cu-tube (nor-
mal-line focus) and a double collimated scintillation-
counter detector (i.e., with anti-scatter and receiving
slits). The accelerating voltage applied to the Cu-anode
was 40 kV; the thereof estimated penetration depth of
the examinations was in the range of 30 um. To ensure
the correct alignment of the sample with respect to the
incident beam, the apparatus was additionally provided

with a micro-(x,y,¢p) sample-positioning table. Precise
displacements of the sample at 5 um steps for transla-
tions and fractions of degree steps for rotations were
then possible. A development was also undertaken to
provide the equipment with a beam concentrator with
nominal aperture of ~15 pm, that was not commercially
available. Through this beam concentrator, whose ef-
fective (projected) width on the sample surface was ~30
um (see Section 2.3), an intensity win of about 100 times
relative to a simple slit was obtained.

To maximise both, the diffracted intensity and the
statistics of diffracting planes (grains) at a given radial
position, the combination of longitudinal fuel sections
and line-focused beam was adopted. The utilised con-
figuration is illustrated in Fig. 1 for the sample with 80
GWd/tM, with beam dimensions: 3000 pm (length)x
=~30 pwm (width) (the real dependence of the beam width
on the incident angle is given in Section 2.3). The
thickness of the embedded fuel-sample after successive
cutting and grinding-polishing operations was <0.1 mm.
Inclusion of markers in the sample holder and careful
control of the sample width during preparation ensured
that the exposed pellet surface corresponded to the
longitudinal-diametric plane. In Fig. 1 also the starting
misalignment angle (¢,,) between the pellet radius and
the scanning direction (perpendicular to the beam axis)
is shown. This angle had to be brought to 0 for the
measurements, to get the incident beam cross-section
parallel to the Zry-UO, interface. For that, an align-
ment-routine was followed, minimising the Zry-UO,
interface-width, according to the procedure described in
Section 2.3.

Measurements were carried out in the step-scanning
mode. The angular increment was 0.005° and the
counting time per interval 40-60 s. A Ni-filter was uti-
lised to eliminate the incident Cu-Kj radiation, but no
crystal monochromator was used to eliminate the Cu
K,, line because of the intensity loss. The corresponding
K, and K,, lines for each Bragg-reflection were then
resolved by an appropriate peak fitting routine [26]. For
lattice parameter calculations, the resolved K, -line was
used. For elimination of the systematic errors, the ex-
trapolation function ay;; vs cos 0,/ tan 0,;, towards
0 = 90° was employed [27]. Apart from that, important
sources of error as goniometer zero shift and eccentricity
of the incident beam with respect to the goniometer axis,
were eliminated by careful system alignment. The whole
procedure was checked by examination of Si, Au and
UO, reference samples, whose lattice parameters were
reproduced within an error band of £0.01 pm with re-
spect to the tabulated values [28,29].

2.3. Microbeam resolution

The nominal aperture given to the beam concentrator
was 15 pm; its real value and the effective beam width
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Fig. 1. PWR-fuel sample (80 GWd/tM) prepared for micro-XRD examinations. Sample thickness: 22100 um.

projected on the sample surface were determined ex-
perimentally. The employed procedure and results are
shown in Fig. 2. This routine was based on the deter-
mination of a steel/CaF,-crystal interface width, ac-
cording to the extinction of the diffracted CaF, peaks
while the sample was moved with respect to the incident
beam. The displacements (in um) needed for the ex-
tinction of the different peaks are plotted in Fig. 2 as
function of the diffraction angle. It is to be noted that
since the main CaF,-crystal plane did not coincide ex-
actly with the prepared surface, the measured diffraction
angles differed slightly from the tabulated Bragg angles.

Considering the analytical expression for the beam
width projection (y(0) = aperture/sin 0), fitting of the
results in Fig. 2 indicates a nominal beam aperture of
13-15 um and a projected beam width of 30 pm or less
for 0 > 25°. Taking into account the angular position of
the UO, peaks (marked in Fig. 2), it was confirmed that
diffraction spectra of the fuels obtained at radial inter-
vals of 50 pm showed essentially no overlapping (Fig. 2).

2.4. Porosity and micro-hardness determinations

As a complement of the XRD analysis, the evolution
of the affected rim-zone of the two samples studied had
been assessed by porosity and micro-hardness mea-
surements. The porosity was determined by image
analysis, by the same method described in [22], though
in the present case more enlarged micrographs (magni-
fication: 1600 X) were used. For the Vickers-indentation
tests also the same procedure as described in [22] was
used, utilising a load of 0.5N (such measurements are
designated as HV sn).

2.5. Simulated fuels

To separate the effect of the irradiation damage from
those lattice dimension changes caused by chemical ef-
fects (i.e., fission products, actinides and oxygen incor-
porations into the fcc-matrix lattice), the variation of the
UO, lattice constant with the concentration of dissolved
metal atoms (burn-up) and the oxygen-to-metal ratio
(O/M) is needed. Nevertheless, since the fuel under ir-
radiation remains essentially stoichiometric (see details
in Section 4.1), mainly the effect of the fission products
and actinides incorporations (at O/M = 2) is important.
This is best obtained from the annealed (defect free) fuel
samples under neutral or light reducing atmospheres
[4-6], but these data are not fully available for the whole
local burn-up range analysed here. As a good comple-
ment, simulated fuel samples can be used, for which we
include here a revised set of own simulated fuels data
partially published in [30], extending the existing litera-
ture data from about 80 GWd/tM [31-34] to approxi-
mately 220 GWd/tM.

Preparation details of these simulated fuels including
most of the fission products and actinides (simulated)
with compositions equal to the real fuel according to
ORIGEN-2 [35] calculations have been described else-
where [30]. Here, it is remarked that the U content
checked by coulometric titration indicated a simulated
burn-up uncertainty of 3%, while the minor elements
analysis, done by EMPA and ICP-MS, gave a burn-up
uncertainty of less than +8%, compared to the calcu-
lated values (ORIGEN-2). With respect to the oxygen
stoichiometry, it was assumed that the sintering of the
samples under an Ar+ 5%H, atmosphere assured an
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Fig. 2. Micro-beam resolution test on a CaF,/steel interface. Nominal beam aperture = 15 pm. Dotted fitting curves: y(0) = beam

aperture/sin 6 (theoretical angular dependence of projected beam).

O/M ratio close to 2. Remarkable was also a detected
excess of ZrO, and Y,0; below =100 GWd/tM, arising
from a contamination during the milling step of the
fabrication process (mill container and balls done of
these materials). This decreased in part additionally the
lattice constants at the lower simulated burn-ups, al-
though not above ~100 GWd/tM where the ZrO,/Y,0;-
contamination was insignificant with respect to the total
amount of added foreign elements (see Section 4.1).

3. Results
3.1. Lattice distortion across the irradiated fuel radius

Fig. 3 shows an example of the lattice distortion (i.e.,
peak shift, intensity loss and line broadening) caused by
irradiation (plus o-in-growth) damage, as recorded for
the (111)-peak of the fuel with 80 GWd/tM (radial
position r/ry = 0.745). In that case, as compared to the
(111)-reflection of unirradiated UO, under the same
conditions, the peak shift was of about —0.02° (A0 < 0,
dilatation), the intensity loss about 10 times and the
increase of the full width at half-maximum intensity

(FWHM) about 200% (Fig. 3). It is also noted that the
otherwise good resolution of the equipment for the K,,—
K,, doublet even at low diffraction angles (~14°) (Fig. 3),
was sensibly decreased owing to the lattice distortion.
Due to this distortion, also the (% k [)-peaks above (42 0)
became not measurable, which reduced the accuracy of
the lattice parameter determinations (extrapolation to
0 = 90°), usually improved by the higher (4 k /)-reflec-
tions.

Fig. 4 shows a synthesis of the results obtained for
the two fuels examined, in terms of the Bragg-peak
shift (A6,;;) and the line broadening (AFWHM,,, ,/
FWHM,; ;) across the pellet radius. The Bragg-peak
broadening values for single (% k /)-reflections appeared
more or less constant over the pellet radius for both fuels
(Figs. 4(a) and (b), upper curves). Contrarily, the indi-
vidual peak shifts (A6, < 0, lattice dilatations) showed
a maximum around r/ry = 0.9 for the sample with 67
GWd/tM, and around r/ry = 0.75-0.8 for the sample
with 80 GWd/tM (Figs. 4(a) and (b), lower curves). The
enhancement of the peak-shift profiles for higher (% k [)-
reflections obeyed in principle to the proportionality
A0, o< tan 0, [16]. For both fuels, the pellet radius
could be then divided in three zones of increasing (I),
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Fig. 3. Example of the (1 1 1)-reflection of the 80 GWd/tM-fuel at r/ry = 0.505 showing the magnitude of intensity loss, peak-shift and
peak-broadening caused by radiation damage, as compared to unirradiated UO, under the same experimental conditions.

maximum (II) and decreasing (III) lattice dilatation, i.e.,
at the central, intermediate and outer radial positions
(Fig. 4). As confirmed by the variation of other prop-
erties, the outer extreme of zone II coincided approxi-
mately with the onset of the rim-zone in both fuels (see
next section). Remarkably, the width of this zone II
(transition zone) was much larger for the fuel with 80
GWd/tM.

3.2. Lattice parameter variation

As mentioned in the experiments description, the
lattice parameter at a given radial position was deter-
mined by extrapolation of the plot a,;; vs cos 0,/
tan 0, ; towards 0 = 90° [27]. The accuracy of the ex-
trapolated values at 6 = 90° is governed essentially by
the scatter of the individual a ;-results around the
average slope determined by linear regression. As this
denotes also the degree of damage in the lattice, a larger
scatter of the individual results was corroborated for the
irradiated fuels as for unirradiated UO,. Thus, taking
the most unfavourable case for the irradiated fuels this
inaccuracy was +0.09 pm (Aa/a ~ £0.02%), while for

unirradiated UO, this was only *0.02 pm (Aa/a ~
£0.004%).

The obtained lattice parameter results are plotted as
function of the fuel radius in Figs. 5(a) and (b) for the
fuels with 67 and 80 GWd/tM burn-up. In the figures
also the corresponding microhardness (HVjysy) and
porosity results are plotted, as well as the local burn-up
profiles obtained by calculations with the APOLLO-2
code [36]. The scatter band of the lattice parameter
values in Fig. 5 corresponds to the largest inaccuracy
obtained in the extrapolations to 0 = 90°. In agreement
with Fig. 4, it is shown that three different radial zones
can also be established in terms of the lattice parameter,
showing a maximum plateau of it at »/ry ~ 0.85-0.92 for
the fuel with 67 GWd/tM, and at r/ro ~ 0.62-0.78 for
the fuel with 80 GWd/tM burn-up.

The decrease of the lattice constant toward the pellet
centre is attributed to thermal healing effects (Fig. 5). In
contrast, the decrease towards the pellet edge is attrib-
uted to the formation of the rim structure, for which
temperature effects are basically excluded. This is cor-
roborated in principle by the radial profiles of the
other properties plotted in Fig. 5, showing congruent
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Fig. 4. Peak-broadening and peak-shift for various (/4 k/)-reflections across the pellet radius for the 67 and 80 GWd/tM-fuels
(respectively, top and bottom figures), as determined by micro-XRD (30 pm-beam).

variations within the rim-zone. However, many param- thermal healing effects, lattice dimension changes due to
eters intervene in the configuration of such a profile, dissolution of fission products and actinides (Pu) and
including the superimposed o- and fission damage, possibly oxygen in the UQO,-structure and finally the
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strict local burn-up effects associated with the rim-struc-
ture formation. In the following discussion, separate
analysis of these multiple contributions is attempted.

4. Discussion
4.1. UO,-lattice contraction due to chemical effects

Incorporations of oxygen, fission products and acti-
nides into the fuel lattice produce in general a decrease
of its lattice parameter. Here it is considered that the fuel
remains in the stoichiometric condition (O/M = 2), as-
suming that the oxygen excess created during fission
[37,38] is fully neutralised by the oxidation of Mo (in
metallic precipitates) and of the inner Zr-cladding sur-
face [39]. In fact, O/M measurements by the solid elec-
trolyte technique confirmed the absence of fuel
oxidation in both low [5] and high burn-up [40] fuels.

The effect of foreign atom dissolution in the UO,
lattice is shown in Fig. 6 as function of burn-up. In
Fig. 6, the available literature data up to ~80 GWd/
tM of irradiated and annealed fuels [4-6,41] and sim-
ulated fuels [31-34], as well as extended simulated fuel
data produced in our laboratories (details in Section
2.5) [30] and elsewhere [42], are considered. Fig. 6
shows also Vegard’s law calculations of the lattice
parameter based on the fission atoms and actinides
concentrations computed with the ORIGEN-2 code
[35] and the single element contributions (lattice ex-
pansion/contraction) as reviewed by Kleykamp [43],
assuming various percentages of dissolved Zr in UQ,.
As pointed out in [43], sharing of Zr between the UO,;-
lattice and the so-called ‘grey-phase’ precipitates (i.e.,
ABO; complexes with cubic perovskite-type structure,
with Ba,Sr and Cs in A-sites and Zr,Mo,U,Pu and rear
earths in B-sites) [38,44] largely controls the lattice
dimension of the fuel, because of the large contraction
effect of Zr.
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Though there is scatter in the experimental results,
the average (best fit) of all data appears to coincide in
general well with the assumption of 50% dissolution of
Zr in the UQO, lattice. However, based on composition
analysis of the grey phase precipitates in irradiated
fuels [38,44] and on phase equilibrium studies in the
system BaO-UQO,-ZrO,-MoO, [45], Kleykamp pro-
posed a maximum of 25% dissolution of Zr in the fuel
matrix, the rest being precipitated in the perovskite-
phase [43]. This prediction was addressed, however, to
LWR-fuels at low to moderate burn-ups and could
eventually change at higher burn-ups. Further studies
of the fuel precipitates composition in the burn-up
range 80-200 GWd/tM appear therefore worthy. For
our purpose in further analysis, an average lattice
contraction rate of 0.087 pm/10 GWd/tM, corre-
sponding to the best fit-slope in the range 0-70 GWd/
tM, is assigned to the dissolution of foreign atoms.
Similar contraction rates, i.e., 0.08-0.09 pm/10 GWd/
tM, have been proposed in other analyses of irradiated
LWR-fuels [39,43] and also for FBR-fuels [46]. For
burn-ups above 100 GWd/tM, the assumed slope
overestimates the results and constitutes a conservative
limit of the (maximum) contraction rate of the fuel
lattice due to chemical effects.

4.2. Lattice parameter of irradiated fuels vs Burn-up
(T <800°C)

It has been mentioned in Section 3.2 that several ef-
fects contribute to the form of the lattice parameter
profiles shown in Figs. 5(a) and (b) and that, among
others, the decrease of the values in the pellet centre may
be due to thermal effects. This last can be also deduced
from the XRD-results of Une et al. [5], where except for
the here determined decrease of the values in the rim
zone, similar lattice parameter profiles have been ob-
tained at 18 and 35 GWd/tM, using a comparatively
coarser beam collimation (500 um). From Fig. 5 of [5], it
is clear that the lattice parameter at r/ryp <~ 0.8 was
more decreased in the 35 GWd/tM fuel (power ramped)
than in the 18 GWd/tM fuel (base irradiated). This in-
dicates a priori an enhanced damage healing effect, due
to temperature increase, in the centre of the power
ramped fuel. In view of this, in the present analysis, only
the transition and rim zones will be considered (i.e.,
r/ry > 0.85 for the 67 GWd/tM fuel and r/ry > 0.62 for
the 80 GWd/tM fuel), excluding the more central regions
where thermal effects could have influenced the results
(Figs. 4 and 5).

The corresponding results of Fig. 5 for the outer radii
are then plotted in Fig. 7 as function of the calculated
local burn-up (APOLLO-2 code [36]), together with
equivalent data of other authors [4-9,41]. For the case of
Une et al. [5] also a burn-up correction for the rim zone
was considered. It appears that data follow an expo-

nential growth with burn-up up to about 70 GWd/tM,
with a sharp decrease above this value (Fig. 7, upper
curve). A similar cut-off has been also suggested by Une
et al. [6] (see Fig. 3 in Ref. [6]), though at somewhat
lower local burn-ups. This abrupt lattice contraction is a
priori associated with the rim-structure formation. As
suggested by the dotted slopes drawn in Fig. 7, the lat-
tice contraction rate at the beginning of this transition
(—0.8 pm/10 GWd/tM) exceeds in about 10 times the
contraction rate due to dissolution of foreign atoms
(—0.087 pm/10 GWd/tM, Section 4.1, Fig. 6). This may
exclude solution effects as a triggering factor for the
transformation.

It is noted that after the rather rapid transition at
about 70-80 GWd/tM (Fig. 7), the lattice parameter
tends again to a low constant level (region about 100—
150 GWd/tM). These saturated values, corresponding to
radial positions with maximum local burn-ups (also
highest concentration of a-emitting elements), are here
assumed to represent the maximum local a-damage. As
a function of burn-up it is assumed that this damage
would follow a similar saturating growth curve as the
pure a-damage in UO, [19,20] (as the dotted saturating
curve shown in Fig. 7). Although very approximate (not
all fuels had the same enrichments and cooling times,
both influencing the results), an assumption like this was
necessary, since any attempt to suppress the a-damage
by thermal annealing would also largely eliminate the
fission-damage, impeding its characterization. As cor-
roboration, Fig. 7 includes the annealed/aged data of
Ref. [41]. It is shown that even after the largest aging-
time recorded (3.4 yr) [41], the lattice constant increase
after annealing did not surpass the assumed o-damage
boundary. This limit, also exceeding the 20% a-damage
contribution assumed in [6], is thus considered to be
conservative.

4.3. The deduced fission-damage in the range 10—150
GWdItM

Fig. 8 shows the relative lattice dimension change
(Aalay) after subtraction of the assumed o-damage in
Fig. 7, taking the lattice constant of unirradiated UO,
(ay =547 pm) as reference. For reasons of comparison,
the data without this subtraction are plotted in loga-
rithmic burn-up scale in Fig. 9 together with the
literature data at very low burn-ups [1-3]. As clearly
seen in this figure, though important at high burn-ups,
the assumed o-damage in the low burn-up range is
negligible.

Similar to the cases of the low-dose fission-damage of
UO, [1-3,47-49] and other ceramics [48-50], the data of
Fig. 8 can be well described by first-order reaction rate
equations. The basic assumption in this case is that the
relative lattice volume change is proportional to the
concentration of certain defects created or annihilated
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during fission, whose formation (or decay) rate obeys a
first-order kinetic equation, i.e., dC/dt = k(1 — C) for
formation or —dC/ds = kC for decay, with the variable
time appearing as the quotient between burn-up (fission
dose) and fission rate [3,47-50].

Since Frenkel defect pairs (1 interstitial + 1 vacancy)
induce a net lattice expansion [19,47], authors of [3,47—
49] attributed the lattice expansion phase in UQO, at
<0.01 GWd/tM (Fig. 9, left) to the formation and sat-
uration of these kinds of defects with burn-up. The
subsequent lattice contraction phase was then assigned
to the recombination with Schottky defects (vacan-
cies + ad-atoms in boundaries), these last appearing in
excess above ~0.01 GWd/tM [3,47-49]. Applying here
the same concepts and considering that a Frenkel pair in
UQO, causes a lattice volume increase of about one mean
lattice atomic volume Q (~a*/12 with a = lattice con-
stant) [47], the equations underlying the fitting functions
in Fig. 8 became [3,47-50]

Aa/ao = 1/3(Nd1/Vd]).Q(1 — exp(del (BU — BU])))
(pre-transition, formation step) and

Aaja, = 1/3(Nar/Va2)Qexp (= Vaa (BU — BU:))
(post-transition, decay step)

(1)

with Ny, Ng = numbers of defects remaining per
fission, Vg, Vg = damaged volumes per fission and
BU,, BU, = characteristic burn-ups (or incubation
times) at which each regime is established. It is remarked
that data before transition in Fig. 8 (formation step) can
be described either by a single reaction with incubation
time (characteristic burn-up) or by a sequence of two
first-order-reactions starting from time 0. The same was
described in the case of neutron irradiation of ThO, at
very low doses (<10'® fissions/cm?®) [50], indicating the
eventual formation of an intermediate defect before the
predominant one was created.
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From the above equations and the fitting parameters
in Fig. 8, the set of values Vg = 8.6 x 102> cm’/fission;
Ny = 0.27 fission™! and Vg = 3.9 x 1072* cm?/fission;
Ny = 1.02 fission™! were derived for the transition
around 70 GWd/tM. In contrast, for the damage peak at
0.01 GWd/tM (Fig. 9, left) values of ¥y ~ 10710-10"7
cm’/fission and Ny ~ 1-4 x 10* fission~! were obtained
[3,47-49]. This indicates similar defect concentrations
per unit of damaged volume in the two burn-up ranges
(Ny/ V4 ratios), but ~10* less surviving defects per fission
at 70 GWd/tM than at 0.01 GWd/tM (Ny values).
Considering that per fission event about 10° primary
defects are produced [51], this implies a defect recom-
bination ratio of 60-90% at 0.01 GWd/tM (Matzke in-
dicates 80% for this range [51]), though ratios are
>99.9999% at 70 GWd/tM. This extremely high defect
recombination ratio at high exposures would suggest an
underestimation of the remaining defects number, or
alternatively a multiple association of primary defects in
clusters.

4.4. Possible role of interstitial-dislocation loops

One possibility to contemplate defect association is to
take into account the formation of interstitial disloca-
tion loops. This kind of defect has been found to pre-
dominate in the low burn-up range [17] and has been
also reported for high burn-up fuels in coexistence with
tangled dislocations [8,10,18]. As proposed originally by
Keating and Goland [13,14] and extensively treated in
the book of Krivoglaz [16], when dislocation loops are
large enough compared to the inter-atomic distances but
small compared to the crystal dimensions, they produce
a measurable lattice distortion that can be expressed as
(16]

Aaja = 1/3NLAv'°P, (2)
where Ny is the volumetric dislocation loop density and
Av*°P is the lattice volume change per loop = nR3b,
where R, is the loop radius and b is the Burgers vector
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module. For UO,, the Burgers vector is parallel to
the [110]-direction [8,17,18], being its module: b =
(a/2)2'72, where a is the lattice parameter.

Previous controversies [52,53] about the validity of
the Keating and Goland statement [13,14] have been
settled with the work of Willis et al. [54], showing that
the condition for loops to influence the lattice dimension
is that they must be small compared to the crystal size
(approach of finite defects). At the other extreme, when
the loop-size becomes comparable to the grain (or sub-
grain) size, the loops act as an extra plane of atoms, and
do not modify the interplanar distances [54].

To assess both the volumetric density (V) and the
size (Ry) of dislocation loops by X-ray diffraction anal-
ysis, a complementary equation to (2) is needed. For
this, usually the influence of the loops on the Bragg-peak
intensity is applied. According to Krivoglaz [16], the
decrease of the diffracted intensity due to the effect of
dislocation loops is expressed as

oM
Ik = lonk i€

3
where M = N_R3(0b)**A(m) ®

with  Q = scattering  vector = 4nsin 0/4 = 2n/dy;,
where b is the Burgers vector module and A(m) is an
orientation dependent constant with values ranging be-
tween 0.5 [16] and 1 [15].

The combination of Eqs. (2) and (3) at the condition
of maximum lattice expansion at 70 GWditM
(Aa/ap_max = 1.1 x 1073, Fig. 8), for the intensity
decrease of the (111)-peak shown in Fig. 3 (ie.,
2M ~ —In(68/640) ~2.24 and (Q-h)*?> = 21.35) and
for A(m) values in the range 0.5-1, yielded loops radii
and densities in the ranges Ry~ 19-38 nm and
Ny ~1.9-7.6 x 10*' loops/m® (the lower the Ry, the
higher the corresponding Ny ). Not far from these values,
dislocation loops in the size range 12-50 nm, with a
density of 5.5 x 10%° loops/m?, have been found experi-
mentally in the central zone of a fuel with 74 GWd/tM
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average burn-up [18]. On approaching the rim zone,
higher loop densities than this last in the fuel centre are
expected, i.e., becoming closer to the here determined
values.

The above estimations must be considered, however,
as approximations. First, the Bragg-peak intensity
measurements are influenced by the statistics of dif-
fracting planes which becomes poorer as the beam size
decreases (our situation with the micro-beam). Second,
it must be regarded that Eq. (2) implies in reality a
summation over the whole loop sizes and densities, that
only for simplicity is replaced by the product of the
average values. A correct treatment would therefore
require the consideration of the real loop size-density
distributions. Despite this, the variation of Eq. (2) as a
function of burn-up is thought to properly describe the
lattice parameter evolution shown in Fig. 8.

Thus, it is suggested that during the lattice expansion
step up to 70 GWd/tM (Fig. 8), a continuous growth of
dislocation loops, both in size and density, would occur,
until a critical loop size is achieved. Above this critical
size, the loops may become too large to influence the
lattice dimension and the lattice parameter would start
to decrease. According to the conditions given in [54],
this would occur when the loops reach the size of the
original grains, or mediating grain subdivision, when
they approach the size of the subgrains formed. Related
to the rim formation process, this would correspond to
the point (burn-up) at which a stable dislocation cell
structure is formed [8,12], since, in principle, dislocation
loops would grow only until they intersect the walls of
the global dislocation network [55].

From different TEM observations, sizes of these
preliminary formed subgrain domains in the rim-zone
would range from few nanometers [56] to 40-200 nm
[8,18]. Evolution from this configuration of cells and/or
low-angle subgrain boundaries (polygonization case)
[18] to randomly oriented, high-angle new grains (re-
crystallization case) would take place progressively at
higher burn-ups during lattice expansion recovery. A
proof of this would be electron backscattering patterns
(EBSP) of irradiated fuels, indicating a transition from
slightly mismatched subgrains in a strained matrix to
randomly oriented subgrains in a less strained material,
when moving the beam from the region adjacent to the
rim zone to the pellet edge [57].

4.5. Comparison with rim models considering dislocation
loops

The evolution of dislocation loops in high burn-up
fuels has been treated recently in a theoretical model by
Rest and Hofman [12]. There, a continued growth of
loops with burn-up is considered via interaction with
forest dislocations, until saturation occurs after a stable
dislocation cell structure has formed. At saturation,

occurring in the treated situation at >60 GWd/tM, the
calculated loop size and density were Ry = 250 nm and
Np =24 x 10 loops/m? [12], i.e., partly different to the
values derived in the above section. Nevertheless, the
derived dislocation-line density at saturation, calculated
as 2nRyNy ~ 3 x 10" m/m? [12], is comparable to the
range of values derived in the present work in Section
4.4 (4.5-9 x 10" m/m?).

As suggested in [55], it is explicitly shown in [12] that
the growth of the dislocation loops in UO, under irra-
diation is limited by the size of the cells of the disloca-
tion network. Under the conditions selected in [12], the
stable cell size, coinciding with the maximum achievable
loop size, was ~300 nm. However, the consideration of a
real cell size distribution instead of a single average
value would allow reproducing smaller saturated loop
sizes [58], i.e., more congruent with the results in the
above section. Also, tuning in [12] of the dislocation bias
factor, i.e., the parameter that quantifies the preferential
absorption of interstitials by dislocations [12,55], would
allow reasonable fitting of the values in our Fig. 8 [58].
Thus, though differences in the preliminary derived
numbers, the treatments in [12] and in the above section
appear consistent.

4.6. Correlation with the matrix Xe-depletion and the
porosity increase

Apart from the described correlation with the lattice
defects evolution, the transition at 70 GWd/tM (Fig. 8)
appears to be related to the displacement of Xe-atoms in
the matrix and to the pore formation. Attention is
recalled to Ref. [23], where the matrix Xe-depletion
measured by EMPA is described. By comparison of our
Fig. 8 with Fig. 2 of Ref. [23], it becomes evident that
above ~70 GWd/tM the measured lattice contraction and
matrix Xe-depletion follow equivalent decay laws in terms
of local burn-ups. In addition to that, Fig. 5 indicates that
the lattice contraction above 70 GWd/tM is concomitant
with the porosity increase inside the rim-zone.

The connection between the above parameters is in-
cluded partially in the volume balance equation for the
defect-rich fuel. In general, the concentration of excess
defects in the solid is given by the difference between the
bulk and the lattice volume variations after a defect
accumulation step [19]. If this difference is positive the
predominant excess defects are vacancies and if it is
negative the excess defects are mainly interstitials [16].
According to Nakae et al. [47], the general volume bal-
ance equation for the fuel may be then written as

[(AV/V)(1 =p)/(1 = po) = (P — p0) /(1 = po)]
—3Aa/aC, =0, (4)

where AV/V is the bulk volume change (dilatometry or
immersion density measurements), 3Aa/a the lattice
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volume change, py and p are the initial and burn-up
dependent porosities and C is the excess vacancies
concentration. In Ref. [47] the quantity C, was inter-
preted as the difference between the total concentrations
of vacancies and interstitials (from both Frenkel and
Schottky defects), or as concentration of vacancies from
only Schottky defects, whose ad-atoms in boundaries
produce a net bulk volume increase.

The evolution of the parameter C, according to
Eq. (4) was represented in Fig. 10 as a function of burn-
up, for the two fuels described in the present work. Since
we are here concerned with bulk volume changes caused
by the fission gas atoms, the AV/V values in (4) were
considered as given by the gas matrix swelling. For this
bulk volume change, an approximate rate of AV /V(g)=
0.7%/10 GWd/tM was regarded as the difference be-
tween the total and the solid swelling rate, respectively,
~1%/10 GWd/tM [59] and 0.32%/10 GWd/tM [37]. The
lattice parameter changes (Aa/a) were taken from Fig. 8
and the porosity values (p) from Fig. 5. The initial po-
rosity (po) was fixed approximately at 4%.

As shown in Fig. 10, the introduction of the experi-
mental values in Eq. (4) suggests a decrease of the excess
vacancies concentration in the fuel, at the time that the
local porosity increases steeply above ~70 GWd/tM
(Fig. 5). Eq. (4) indicates also that under the condition
of total excess vacancies exhaustion (C, = 0), suggested
in Fig. 10 to occur above ~100 GWd/tM, the maximum
achievable porosity in the fuel is roughly fixed by the
accumulated bulk volume increase, i.e., the here as-
sumed total gas matrix swelling. The small involved
lattice volume changes (<0.3%, Fig. 8) imply only a
slight modification of these figures. Under these condi-
tions, for a local burn-up of e.g., ~180 GWd/tM at the
pellet edge, only a maximum porosity of 15-17% would
be achievable, starting from an initial porosity (p,) of 3—
5%. Furthermore, negative values of the quantity C,
would indicate an overestimation of the measured local
porosity, as it appears to be the case of the points
marked with open symbols in Fig. 10.

Since Xe-atoms in matrix traps are assumed to be
bound to excess vacancy clusters [60,61], e.g., in the
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so-called Schottky-trios (tri-vacancies consisting of one
U- and two O-vacancies) [61], the quantity C, would
indicate also the amount of potentially retained Xe-
atoms. The curve 3 [Xe] vs burn-up plotted in Fig. 10
denotes the minimum amount of excess vacancies re-
quired to trap all the Xe atoms in tri-vacancies clusters.
The created Xe atom concentration was calculated as
[Xe] =Dose (fissions/cm?) Xeyiad/N, being that Dose
(fissions/em®) ~BU(GWd/tM)x2.8 x 10" [2], Xeyiela =
0.27 [37], N = total atoms per unit volume = 12/a’ [47]
and a = lattice parameter = 5.47 x 1078 cm (Fig. 7). As
seen in Fig. 10, up to ~70 GWd/tM it holds that C, > 3
[Xe], showing that at least from the number of available
traps, a total retention of Xe in the fuel matrix is pos-
sible. On the other hand, the rather rapid decrease of C,
between 70 and 100 GWd/tM (Fig. 10), as a result of the
apparent consumption of vacancies in the creation of
new cavities (coarsened bubbles, pores), implies also a
strong decrease of the probability to retain Xe in matrix
traps. This would agree with the findings, e.g., in [23] of
an enhanced Xe depletion in this burn-up range.

The enhanced Xe-mobility above 70 GWd/tM does
not necessarily imply an immediate release of this gas
towards the open fuel volume. Contrarily, it seems that
once enabled, the Xe-migration would be restricted to a
very short spatial range around the pores, remaining the
gas trapped in the porosity. Support of this would be
the evidences that, even at high average burn-ups
(~80 GWd/tM), a high percentage of the produced
fission gases (~80%) remain trapped in the fuel [62].

In previous work it was stated that the formation of
pores appeared as a key phenomenon in the rim process
[22]. Evidences were provided that in its preliminary
form the grain subdivision appears localised around
pores [22,63] and that Xe-depletion is concomitant with
the porosity growth even in absence of complete grain
subdivision [63]. Congruently, theoretical works by
other authors have shown that, assuming grain subdi-
vision to be the vehicle facilitating the growth and gas
feeding of rim pores, most probably this process would
start localised around certain precursor cavities [12].
Thus, the hypothesis is here emphasized that the rim
pores, e.g., formed like proposed in [12], would largely
develop as closed Xe-reservoirs. Only the appearance of
some pore interconnection, eventually at very high burn-
ups (e.g. >180 GWd/tM local), would allow the release
of gases to the exterior. Studies of the evolution of the
pore connectivity as a function of burn-up appear
therefore worthy.

4.7. Accumulated damage vs matrix gas concentration.
Strain recovery implications

It has been shown in former sections that although
small in comparison to the high doses involved a definite
lattice distortion is accumulated during fission in the

region adjacent to the rim-zone (onset), which is com-
pletely released during the rim-structure formation
(Figs. 4,5,8.,9).

However, as discussed in Section 4.3, probably not
all the distortions caused during irradiation would be
manifested in a shift of the Bragg-peak positions. This
appears to be particularly the case of the Xe atoms in the
matrix. Indeed, high-dose Xe implantation studies in
UOQO, single-crystals have shown that beside the dis-
placement of the Bragg reflections, the implanted Xe
caused a widening of the diffraction peaks tails
(Q-scans), attributed to the formation of mosaic crys-
tallites in the main crystal (polygonization) [64]. Inter-
estingly, this effect was not present when rapidly
outdiffusing species (Cs) were implanted. Hence, it was
concluded that damage accumulation alone is not suffi-
cient but also a high enough concentration of the im-
purity gas (Xe) is needed to cause the structure changes
typical of the rim zone [64]. This may be also the reason
why in the low-dose fission damage of UO,, an equiv-
alent rim structure formation did not occur although
similar lattice dimension changes were induced as in the
high burn-up case (a-damage suppressed) [3,47-50]
(Figs. 8 and 9). The obvious feature lacking in the first
case was a sufficient amount of matrix trapped Xe, on
the contrary a very abundant species at high burn-ups.

Thus, it might be concluded that both a sufficient
lattice damage (i.e., high enough number of point de-
fects, forest and loop dislocations, etc.) and a sufficient
concentration of fission gases in matrix traps, causing
additional local straining, might accumulate in order to
trigger the rim transformation. During the transforma-
tion, elimination of both effects would cause consider-
able strain release in the material, which may have a
beneficial impact on various defect-sensitive properties
of the fuel, e.g., eventually on the thermal conductivity.
However, a potential improvement of this property after
rim transformation may depend on the relative impor-
tance of the so-called ‘damage’ term, compared to the
(worsening) effect of porosity and solid fission products
[65]; both these last strongly increase in the rim zone.

5. Summary and conclusions

The various aspects treated in this paper can be
resumed as follows:

e The lattice parameter of the fuel after discharge shows
an important component of a-damage, which is as-
sumed to reach its maximum at the pellet edge where
the highest amount of a-emitting elements is present.

e Above this assumed saturating oa-damage, a definite
lattice damage accumulation is observed in the region
near the onset of the rim-zone in high burn-up fuel.
This damage decreases towards both the hotter cen-
tre and the cold periphery. The decrease towards
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the pellet centre is attributed to thermal healing while
the decrease towards the pellet edge is assigned to the
formation of the rim structure.

e The damage release towards the pellet edge is coinci-
dent in radial position with the evolution of other
properties within the rim-zone, e.g., depletion of ma-
trix Xe atoms, increase of porosity and decrease of
hardness. Moreover, in terms of local burn-ups, its
rate seems basically to coincide with that of the ma-
trix Xe depletion measured by EPMA. Since this con-
traction rate is much higher than that produced by
dissolved foreign atoms in the lattice, solution effects
are a priori excluded from the transformation.

e The observed lattice expansion—contraction behav-
iour can be explained alternatively by a saturation
of primary interstitials with subsequent recombina-
tion with excess vacancies, or by a number saturation
and enlargement of interstitial dislocation loops. The
possible explanation via dislocation loops could have
a back-up in a rim structure model, assuming growth
of these loops with the increase of burn-up, until sat-
uration is reached when a stable dislocation cell
structure is formed.

e Apart from the described lattice distortion healing, the
development of the rim zone is apparently associated
with the transfer of substantial amounts of Xe-atoms
from matrix traps to pores, what would contribute
to additional local strain release. It is suggested that
both effects would imply a local improvement of the
damage-sensitive properties of the fuel, e.g., the ther-
mal conductivity. However, the potential improve-
ment of this last property could be masked by the
worsening effect of the porosity and the fission prod-
ucts concentration, both increasing in the rim zone.
As a conclusion, it must be added that the formation

of the rim structure requires considerable accumulations
of both lattice damage and fission gas atoms in matrix
traps. The lattice damage alone is not sufficient to trigger
the process. Both subgrain formation and pore growth
start after achievement of the critical conditions (critical
burn-up). Although the explicit linkage between these
two partial processes was not clear in the present data, it
is important to remark that both processes converge co-
operatively in localised points of the fuel matrix, gen-
erating closed pores that would re-trap the gas of the
surroundings. These new traps would retard the migra-
tion of gases (particularly Xe) to the free surface,
probably helping so to maintain the gas release of the
rim zone within acceptable limits.
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